Abstract We studied the effect of cilostazol, a selective inhibitor of phosphodiesterase 3, on barrier functions of blood-brain barrier (BBB)-related endothelial cells, primary rat brain capillary endothelial cells (RBEC), and the immortalized human brain endothelial cell line hCMEC/ D3. The pharmacological potency of cilostazol was also evaluated on ischemia-related BBB dysfunction using a triple co-culture BBB model (BBB Kit TM ) subjected to 6-h oxygen glucose deprivation (OGD) and 3-h reoxygenation. There was expression of phosphodiesterase 3B mRNA in RBEC, and a significant increase in intracellular cyclic AMP (cAMP) content was detected in RBEC treated with both 1 and 10 lM cilostazol. Cilostazol increased the transendothelial electrical resistance (TEER), an index of barrier tightness of interendothelial tight junctions (TJs), and decreased the endothelial permeability of sodium fluorescein through the RBEC monolayer. The effects on these barrier functions were significantly reduced in the presence of protein kinase A (PKA) inhibitor H-89. Microscopic observation revealed smooth and even localization of occludin immunostaining at TJs and F-actin fibers at the cell borders in cilostazol-treated RBEC. In hCMEC/D3 cells treated with 1 and 10 lM cilostazol for 24 and 96 h, P-glycoprotein transporter activity was increased, as assessed by rhodamine 123 accumulation. Cilostazol improved the TEER in our triple co-culture BBB model with 6-h OGD and 3-h reoxygenation. As cilostazol stabilized barrier integrity in BBB-related endothelial cells, probably via cAMP/PKA signaling, the possibility that cilostazol acts as a BBB-protective drug against cerebral ischemic insults to neurons has to be considered.
Introduction
Neurons maintain function by overcoming neurotoxic endogenous and xenobiotic molecules, and pathological insults such as ischemic attacks on the neurovascular unit (NVU), an event closely related to blood-brain barrier (BBB) function (Abbott et al. 2010; Zlokovic 2011) . The BBBrelated endothelial cells (brain endothelial cells) include barrier integrity maintained by tight junctions (TJs), lack of pinocytes and fenestrae, and efflux pumps P-glycoprotein (ABCB1), a member of the ATP-binding cassette transporter family. Brain endothelial cells prohibit the passage of xenobiotics, blood-borne toxic substances, and cells into the brain to protect neurons, in collaboration with neighboring cells, astrocytes and pericytes. Among the BBB apparatus, TJs form a complex structure of cell-cell adhesion molecules composed of integral membrane protein claudins (claudin-3, claudin-5, and claudin-12) and occludin, and cytoplasmic ZO-1 located at the cell border between brain endothelial cells that restricts the paracellular transport of water-soluble substances from the blood to the brain (Zlokovic 2011) . P-Glycoprotein expressed in the luminal and abluminal membranes of brain endothelial cells functions as an efflux pump to transport lipid-soluble molecules from brain endothelial cells and brain (Abbott et al. 2010 ). Therefore, damage to the BBB affects the onset and progress of neurological disorders with neuronal loss (Neuwelt et al. 2008) . According to the neurovascular hypothesis, accumulation of amyloid-b peptides in the brain during the development of Alzheimer's disease is a pathological phenomenon associated with BBB uptake of the peptides from the blood through the receptor for advanced end glycation products expressed in damaged brain endothelial cells (Mackic et al. 1998; Zlokovic 2011) . Disruption of the BBB is responsible for neuronal loss and dysfunction in the time course after the onset of ischemic insults in cerebrovascular diseases. BBB breakdown with a disruption of TJs results in leakage of xenobiotics, blood-borne toxic substances, and cells through paracellular transport and then triggers aberrant angiogenesis, vessel regression, brain hypoperfusion and inflammatory responses in the NVU resulting in the progression of cerebrovascular diseases with neuronal loss and dysfunction (Zlokovic 2011; Hermann and Elali 2012) . Hence, with the recent understanding of the pathological significance of the NVU on neurological disorders, the BBB has become a new therapeutic target for saving neurons .
There is evidence to support the benefits of protecting against BBB disruption by stimulation of cyclic AMP (cAMP) signaling. In the last 20 years, studies proved that intracellular cAMP-elevation in brain endothelial cells increases barrier integrity (Rubin and Staddon 1999; Perrière et al. 2005; Deli et al. 2005) . According to Maurice (2011) , a molecular unit of cAMP/protein kinase A (PKA) and cAMP/ exchange protein activated by cAMP1 (EPAC1) packed with phosphodiesterase (PDE)4 exerts barrier-stabilizing effects on endothelial cells through adherens junctions. In addition to the influence on adherens junctions, cAMP signaling also works on TJs of the BBB to increase the expression of claudin-5, a key protein of TJs, in a PKA-independent manner, and PKA activated by cAMP phosphorylates claudin-5 to strengthen barrier tightness (Ishizaki et al. 2003) . Adrenomedullin, an endogenous cAMP-elevating ligand for G-protein-coupled receptors linked to adenylyl cyclase, seems to constitutionally protect the BBB by targeting TJs in brain endothelial cells (Kis et al. 2001 . Thus, cAMP signaling in brain endothelial cells seems pertinent to the protection of the BBB.
Among cAMP-elevating drugs interacting with molecules in cAMP signaling, cilostazol selectively inhibits PDE3, a cAMP-degrading enzyme, thus elevating intracellular cAMP content (Sudo et al. 2000) . Although cilostazol is a remedy for the treatment of ischemic symptoms in patients with peripheral arterial obstruction (Thompson et al. 2002) , the drug is also experimentally effective for neuroprotection against brain damage by cerebral ischemic insults (Choi et al. 2002; Hong et al. 2006; Watanabe et al. 2006; Lee et al. 2009 ). Thus, taken together with the recent clinical evidence on the longterm prevention of secondary stroke in patients with chronic ischemic stroke (Shinohara et al. 2010) , cilostazol may act on the BBB as a BBB-protective drug. Hence, we studied here the effect of cilostazol on endothelial barrier integrity of TJs and P-glycoproteins in BBB-related endothelial cells, primary rat brain capillary endothelial cells (RBEC) (Morofuji et al. 2010) , and the immortalized human brain endothelial cell line hCMEC/D3 (Weksler et al. 2005) . The pharmacological potency of cilostazol on ischemia-related BBB dysfunction was also investigated using a triple co-culture BBB model (BBB Kit carefully removed from forebrains and gray matter was minced into small pieces of approximately 1 mm 3 in icecold Dulbecco's modified Eagle's medium (DMEM), then dissociated by 25 up and down strokes with a 5-ml pipette in DMEM containing collagenase type 2 (1 mg/ml, Worthington Biochemical Corp., USA), 300-ll DNase (15 lg/ml), and gentamycin (50 lg/ml), and then digested in a shaker for 1.5 h at 37°C. The cell pellet was separated by centrifugation in 20 % bovine serum albumin (BSA)-DMEM (1,0009g, 20 min). The microvessels obtained in the pellet were further digested with collagenase-dispase (1 mg/ml, Roche Applied Sciences, Switzerland) and DNase (6.7 lg/ml in DMEM for 45 min at 37°C).
Primary rat brain capillary endothelial cells clusters were separated on a 33 % continuous Percoll (Pharmacia, Sweden) gradient, then collected and washed twice in DMEM before plating on 35-mm plastic dishes coated with collagen type IV (0.1 mg/ml) and fibronectin (0.1 mg/ml) (Day 0, Fig. 1a ). RBEC cultures were maintained in DMEM/F12 supplemented with 10 % fetal bovine plasma derived from serum (PDS) (Animal Technologies, Inc., USA), basic fibroblast growth factor (bFGF, Roche Applied Sciences, 1.5 ng/ml), heparin (100 lg/ml), insulin (5 lg/ml), transferrin (5 lg/ml), sodium selenite (5 ng/ml) (insulin-transferrin-sodium selenite media supplement), gentamycin (50 lg/ml), and puromycin (4 lg/ml) (RBEC I medium) at 37°C with a humidified atmosphere of 5 % CO 2 /95 % air for 2 days. According to the findings of Perrière et al. (2005) , in the first two days cells were incubated in medium containing puromycin (4 lg/ml) to avoid the contamination of pericytes. After 2 days, the cells received new medium containing all the components of RBEC medium except puromycin (RBEC II medium) (Day 2, Fig. 1a ).
When the cultures reached 80 % confluency (Day 4), the purified endothelial cells were passaged by brief treatment with trypsin (0.05 % w/v)-EDTA (0.02 % w/v) solution, and an in vitro BBB model with RBEC was constructed with Transwell Ò (Corning Incorporated Life Sciences, USA) inserts in 12-well culture plates (Nakagawa et al. 2007 (Nakagawa et al. , 2009 ). Endothelial cells (1.5 9 10 5 cells/cm 2 ) were seeded on the upper side of the collagen-and fibronectin-coated polyester membranes (0.4 lm pore size) of Transwell Ò inserts. This in vitro BBB model was maintained in RBEC medium II for 1 day, and on the next day the medium was changed to RBEC medium II containing 500 nM hydrocortisone (Hoheisel et al. 1998 ) (Day 5). Cilostazol was added to the luminal side of the BBB model at Day 5. Experiments with cilostazol were carried out on Day 8 or 9 (Fig. 1a) .
Human Brain Endothelial Cell Line hCMEC/D3
The immortalized human brain endothelial cell line hCMEC/D3 (Weksler et al. 2005) was originated from the stock of the Institute Cochin (CNRS UMR 8104-INSERM U567, Université René Descartes, Paris, France). hCMEC/ D3 cells (5 9 10 4 /cm 2 , passage 32-35) were seeded in 24-well plates coated with 0.1 mg/ml collagen type IV, and were cultured in EBM-2 medium supplemented with EGM-2 MV SingleQuots (Lonza, USA) and 5 % FBS at 37°C in 5 % CO 2 . Experiments with rhodamine 123, a ligand of P-glycoprotein, were performed on Day 4 or 5 (Fig. 1b) .
Detection of rPde3a and rPde3b mRNA in RBEC For total RNA extraction, RBEC were cultured in 35 mm plastic dishes coated with collagen type IV and fibronectin. Total RNA was isolated with the RNeasy Mini Kit (Qiagen, Japan) according to the manufacturer's instructions. Firststrand cDNA was synthesized from 1 lg of total RNA with the Reverse Transcription System (Promega, USA). Polymerase chain reaction (PCR) fragments for rPde3a and rPde3b were amplified using the primer pairs: sense primer 5 0 -CCG AAT TCC CTT ATC ATA ACA GAA TCC ACG CCA CT -3 0 and antisense primer 5 0 -GGA AAT TCG TGT TTC TTC AGG TCA GTA GCC -3 0 for rPde3a; sense primer 5 0 -CCG AAT TCT ATC ACA ATC GTG TGC ATG CCA CAG A -3 0 antisense primer 5 0 -CCG AAT TCT TTG AGA TCT GTA GCA AGG ATT GC -3 0 for rPde3b (Cheng et al. 2004) . PCR was performed in a final volume of 20 ll containing 0.5 ll of template cDNA, 1.6 ll of dNTP mixture, 2 ll of 10 9 PCR buffer, 0.5 unit of TaKaRa Taq TM Hot Start Version polymerase (Takara Bio Inc, Japan) and 1 lM of each primer using PCR Express II thermal cycler (Thermo Electron Corp, USA). PCR was performed with 30 cycles of denaturation at 98°C for 10 s, annealing at 69°C for 30 s and extension at 72°C for 15 s. The PCR products were analyzed by electrophoresis on 1.5 % agarose gels and stained by ethidium bromide and visualized using FluorChem TM SP (Alpha Innotech, USA).
Measurements of Intracellular cAMP Concentration in RBEC
The Bridge-It cAMP designer fluorescence assay system (Mediomics LLC, USA) was used to measure cAMP levels in all samples (Kelley et al. 2007 ). RBEC were plated in 96-well plates at a density of 5 9 10 4 cells/well and allowed to grow attached to the bottom surface of the plate. After treatment with cilostazol at concentrations of 1 and 10 lM for 30 min, cells were washed in buffered saline solution twice. Then, 100 ll of Bridge cAMP assay solution was added and the plates were shaken for 30 min at room temperature. The intensity of fluorescence (excitation wavelength, 485 nm; emission wave length, 535 nm) was read with a fluorescence plate reader (Wallac 1420 ARVO Multilabel Counter, Perkin Elmer, USA). The concentration of cAMP was determined Cell Mol Neurobiol (2013) 33:291-307 293 based on a standard curve. The amount of cAMP in the cell samples was standardized to the amount of protein in each sample as determined by the BCA protein assay kit (Thermo Scientific, USA).
Evaluation of TJ Function in RBEC
To evaluate TJ function in RBEC treated with cilostazol, transendothelial electrical resistance (TEER), transendothelial permeability for sodium fluorescein (Na-F, MW 376 Da) and expressions of TJ proteins by immunocytochemistry were measured. TEER and transendothelial permeability coefficient (Pe) calculated from the flux of small water-soluble inert tracers such as Na-F across the endothelial monolayer are straightforward methods to evaluate TJ function and BBB integrity ).
Measurement of TEER
Transendothelial electrical resistance, which reflects the flux of ions, in culture conditions mainly sodium ions through the cell layer, was measured using an EVOM resistance meter (World Precision Instruments, USA Transendothelial Permeability for Na-F Sodium fluorescein permeability through the RBEC monolayer, an index of paracellular transport across TJs, was determined as previously described (Nakagawa et al. 2009; Morofuji et al. 2010) . Transwell Ò inserts with the cells treated with cilostazol for 96 h were transferred to 12-well plates containing 1.5-ml assay buffer (136 mM NaCl, 0.9 mM CaCl 2 , 0.5 mM MgCl 2 , 2.7 mM KCl, 1.5 mM KH 2 PO 4 , 10 mM NaH 2 PO 4 , 25 mM glucose, and 10 mM Hepes, pH 7.4) in the basolateral or lower compartments. In the inserts, the culture medium was replaced by 0.5-ml buffer containing 10 lg/ml Na-F. The inserts were transferred at 5, 15 and 30 min to a new well containing assay buffer. The emission of Na-F was measured at 535 nm (excitation wavelength: 485 nm). The permeability of Na-F was used as an index of paracellular transport Nakagawa et al. 2007 ). The permeability coefficient Pe (cm/s) was calculated based on Fick's Law (Youdim et al. 2003) .
Immunocytochemical Detection of TJ Proteins and F-actin Fluorescent Cytochemistry
Seventy-two hours after treatment with 1 lM cilostazol, TJ proteins claudin-5, occludin, and ZO-1 were examined immunocytochemically, according to a slight modification of our previous method (Nakagawa et al. 2009; Morofuji et al. 2010) . After washing with phosphate-buffered saline (PBS) RBEC were fixed in 3 % paraformaldehyde for 10 min and permeabilized with 0.1 % Triton-X 100 for 10 min. After washing with PBS and blocking with 3 % bovine serum albumin (BSA) in PBS for 30 min, samples were incubated for 30 min at 37°C with mouse monoclonal primary antibodies. All primary antibodies were used at a dilution of 1:100. After washing with PBS, as secondary antibodies Alexa Fluor 488-conjugated donkey anti-mouse immunoglobulins (Invitrogen Corporation, USA) were used at a dilution of 1:1000 for 30 min at 37°C. To observe cytoskeletal F-actin networks, samples were incubated with Alexa Fluor Ò 546 phalloidin (Invitrogen Corporation) at a dilution of 1:400 for 30 min at 37°C. Preparations were mounted in Gel Mount (Biomeda, USA) and staining was examined by a Zeiss LSM5 Pascal confocal laser scanning microscope (Carl Zeiss AG, Germany) .
In Vitro Oxygen Glucose Deprivation (OGD) and Reoxygenation Studies on RBEC (BBB Kit TM )
We examined the effect of cilostazol on in vitro OGD and reoxygenation-induced BBB damage. Experiments were performed using BBB Kit TM (RBE-12) (PharmaCo-Cell Company Ltd., Nagasaki, Japan) composed of primary RBEC, rat astrocytes, and rat pericytes (Nakagawa et al. 2009 ). Based on our preliminary experiments, exposure times of 6 h for OGD and 3 h for reoxygenation were chosen (Fig. 2) . In normoxia and 6-h OGD experiments, serum-free DMEM containing 4.5 g/L-glucose (glucose ? DMEM) and serum-and glucose-free DMEM (glucose -DMEM) were added to the BBB Kit TM , respectively. Oxygen deprivation was generated using AnaeroPack TM (Mitsubishi Gas Chemical Co., Inc., Japan). Reoxygenation was initiated by adding RBEC II medium after 6-h OGD. One micromolar cilostazol was added to the luminal (upper) compartment of the BBB Kit TM (RBE-12) after 6-h OGD. After 3-h reoxygenation in the presence or in the absence (OGD/reoxygenation control) of cilostazol, TEER was measured as described above. In normoxia and 6-h OGD/3-h reoxygenation experiments, serum-free DMEM containing 4.5 g/L glucose (glucose ? DMEM) and serumand glucose-free DMEM (glucose -DMEM) was added to BBB Kit TM (RBE-12), respectively. Six-hour hypoxia was generated using AnaeroPack Ò . Reoxygenation was initiated by adding RBEC II medium with or without 1 lM cilostazol and after 3 h TEER was measured to evaluate BBB barrier integrity Cell Mol Neurobiol (2013) 33:291-307 295
Functional Assay for P-glycoprotein transporter in hCMEC/D3 Cells hCMEC/D3 cells have a similar morphology to primary human brain capillary endothelial cells and functionally express P-glycoprotein (Weksler et al. 2005; Poller et al. 2008) . The functional activity of P-glycoprotein was determined by measuring the cellular accumulation of rhodamine 123, a ligand of P-glycoprotein (Fontaine et al. 1996) . hCMEC/D3 (5 9 10 4 /cm 2 ) were seeded to 24-well plates. Cilostazol was added 6, 12, 24 and 96 h before the experiment (Fig. 1b) . To examine the dose-dependency of the effect of cilostazol on P-glycoprotein, hCMEC/D3 cells were incubated for 24 h in the absence and presence of five different concentrations of cilostazol. The medium was removed and cells were washed twice with the assay buffer (136 mM NaCl, 0.9 mM CaCl 2 , 0.5 mM MgCl 2 , 2.7 mM KCl, 1.5 mM KH 2 PO 4 , 10 mM NaH 2 PO 4 , 25 mM glucose, and 10 mM Hepes, pH 7.4). Cells were incubated with 0.5 ml of assay buffer containing 5 lM rhodamine 123 for 1 h. To observe the effect of cAMP, we used H-89 (N-[2-((p-bromocinnamyl) amino) ethyl]-5-iso-quinoline sulfonamide, Calbiochem, USA), a specific PKA inhibitor (Hidaka and Kobayashi 1992) . hCMEC/D3 cells were incubated for 24 h in the presence of 1 lM cilostazol and/ or H-89. Then, medium was removed and cells were washed twice with assay buffer. In another experiment, cilostazol or cyclosporin A, a substrate and inhibitor of P-glycoprotein, was added simultaneously with rhodamine 123 to investigate whether cilostazol is a P-glycoprotein substrate. Rhodamine 123 content was determined using a multiwell spectrofluorometer (excitation wavelength: 485 nm, emission wavelength: 535 nm). Cellular protein was measured by the BCA protein assay kit.
Statistical Analysis
All data are presented as mean ± SEM. The values were compared using the analysis of variance followed by Bonferroni-Dunn test. Differences were considered statistically significant at P \ 0.05.
Results
Firstly, we verified whether cilostazol targets RBEC (Fig. 3) . We found expression of Pde3b mRNA in RBEC (Fig. 3a) , but no significant expression of Pde3a mRNA. Our cAMP assay revealed that cilostazol increased the intracellular content of cAMP in RBEC (Fig. 3b) . When RBEC were treated with cilostazol for 30 min at a concentration of 1 lM, a concentration equivalent to the blood serum level of 1.35-2.71 lM (500-1,000 ng/ml) clinically detected in patients (Kajinami et al. 2000) , an approximately 1.5-times higher amount of intracellular cAMP (55 ± 6 pmol/mg protein, n = 10) was observed, as compared with the level in the control (36 ± 3 pmol/mg protein, n = 11). At 10 lM, cilostazol also significantly elevated cAMP content 1.8-fold (61 ± 6 pmol/mg protein, n = 9). Thus, we found that cilostazol stimulated RBEC to increase intracellular cAMP.
Next the effect of cilostazol on interendothelial TJ function was examined by measuring TEER, transendothelial permeability for Na-F, and expression of TJ proteins (Fig. 4) . The RBEC monolayer used here had a high level of TEER, as detected at the experimental time-point of 96 h (control value at 96 h: 196 ± 26 X 9 cm 2 , n = 13). At concentrations of 1 and 10 lM, cilostazol strengthened TJ function in RBEC. A significantly higher TEER was detected when RBEC were treated with 1 lM cilostazol for 24 h, and a time-dependent elevation was
Pde3a
Pde3b . a Quantitative RT-PCR analysis detected significant expression of Pde3b mRNA in RBEC, whereas no expression of Pde3a mRNA was found. b Intracellular content of cAMP in RBEC increased when cells were treated with 1 and 10 lM cilostazol for 30 min. All data (pmol/mg protein) are presented as mean ± SEM (control, n = 11; 1 lM, n = 10; 10 lM, n = 9). *P \ 0.05 versus control, ** P \ 0.01 versus control observed between 24, 48, 72 and 96 h treatments of 1 and 10 lM cilostazol (Fig. 4a) . The strongest effect of cilostazol on TEER was observed at 96-h treatment of 1 lM cilostazol (control TEER value: 196 ± 26 X 9 cm 2 vs. 1 lM cilostazol: 321 ± 30 X 9 cm 2 , n = 13, P \ 0.01). There was no significant difference between TEER elevation with 1 and 10 lM cilostazol.
Cilostazol also changed the paracellular permeability for Na-F, a small water-soluble fluorescein marker, across TJs of the RBEC monolayer at 96-h treatment (Fig. 4b) . A significant decrease in Na-F permeability in RBEC treated with cilostazol at concentrations of 1 and 10 lM for 96 h (control Pe value: 4.70 ± 0.44 9 10 -6 cm/s vs. 1 lM cilostazol: 2.60 ± 0.61 9 10 -6 cm/s, and vs. 10 lM cilostazol: 2.48 ± 0.40 9 10 -6 cm/s, n = 12, P \ 0.01). Also, no significant difference in Na-F permeability was detected between RBEC treated with 1 and 10 lM cilostazol. These data indicate that cilostazol strengthens paracellular barrier in RBEC.
To investigate which downstream effector of cAMP is operative in the effect of cilostazol on TJs of RBEC, we used H-89, a specific PKA inhibitor of H-89 (Hidaka and Kobayashi 1992) . As shown in Fig. 5 , H-89 completely blocked the effect of cilostazol on TEER. No changes in TEER were observed in RBEC when the cells were simultaneously treated with 1 lM cilostazol and 5 lM H-89 for 96 h (Fig. 5a) . Consistent with the data on TEER, H-89 diminished cilostazol-induced tightness of paracellular barrier, as evidenced by the lack of decrease in NaFpermeability of cilostazol-treated RBEC (Fig. 5b) . Thus, cilostazol-induced tightness of brain endothelial barrier seems to depend on cAMP/PKA signaling.
Consistent with cilostazol-induced elevation of TEER, our immunocytochemical study revealed continuous and linear staining of the TJ proteins claudin-5, ZO-1, and occludin, marginally localized along the cell border of RBEC treated with cilostazol at 1 lM for 72 h (Fig. 6 ). Microscopic observation revealed that there was no significant difference in morphological distribution and fluorescence intensity of claudin-5 (Fig. 6a, b) and ZO-1 (Fig. 6e, f) between cilostazol-treated RBEC and control cells. However, as indicated in the boxes in Fig. 6c , a continuous, smooth, pericellular, and belt-shaped pattern of occludin immunostaining was noted in RBEC treated with 1 lM cilostazol for 96 h (Fig. 6c) , as compared with the ''zipper-like'' and ''prickly-leaf'' irregularities seen in the control cells (Fig. 6d) . Among the TJ proteins examined here, changes in the localization of occludin at the cell border in cilostazol-treated RBEC were the most pronounced.
Cilostazol also exerted an effect of cytoskeletal F-actin networks. In the control RBEC monolayers there were numerous cytoplasmic actin stress fibers revealed by F-actin staining (Fig. 6h) . On the contrary, stress fibers became less numerous and a strict localization of F-actin bundles at the cell border was noted in cilostazol-treated RBEC (Fig. 6g, boxed areas) . Similar to the case of occludin immunostaining, our cytochemical technique revealed that cilostazol increased the localization of cytoskeletal F-actin fibers at the cell border. ). All data are presented as mean ± SEM (n = 13). b Cilostazol dose-dependently reduced Na-F permeability (Pe) in RBEC. The cells were treated with increasing concentrations of cilostazol for 96 h. Significantly lower Na-F permeability (Pe) was detected in RBEC treated with 1 and 10 lM cilostazol (**P \ 0.01 vs. control). The Pe values are expressed as a percentage of the control value (100 % = 4.70 ± 0.44 9 10 -6 cm/s). All data are presented as mean ± SEM (n = 12) Cell Mol Neurobiol (2013) 33:291-307 297 We further investigated the effect of cilostazol on an in vitro BBB model (Fig. 7) . As shown in Fig. 2 , BBB Kit TM (PharmaCo-Cell Company Ltd.), a co-culture model constructed from three types of BBB-related cells: primary RBEC, rat pericytes, and rat astrocytes (Nakagawa et al. 2007 (Nakagawa et al. , 2009 , was subjected to 6-h OGD/3-h reoxygenation to mimic transient cerebral ischemia and reperfusion in vitro (Ceruti et al. 2011) . At the start of experiments, TEER values of BBB Kit TM (RBE-12) used here were 186 ± 16 X 9 cm 2 (normoxia experiment, n = 8) and 188 ± 13 X 9 cm 2 (OGD experiment, n = 8), respectively. After 6 h, TEER of BBB Kit TM with 6-h OGD was reduced to the level of 38 ± 2 X 9 cm 2 (n = 8). We also observed the reduction in TEER of the control BBB Kit TM used in normoxia experiments (93 ± 9 X 9 cm 2 , n = 8). As the same phenomenon was previously reported by Nitz et al. (2003) , we thought that the reduction was due to the medium change in culture that in normoxia experiments we changed the BBB Kit medium containing 10 % (v/v) PDS to serum-free DEMN containing 4.5 g/dl glucose (glucose ? DMEM). After 6 h of OGD/normoxia and 3 h of reoxygenation experiments (Fig. 2) , in normoxia control experiments where RBEC in BBB Kit TM were treated with 1 lM cilostazol for 3 h, we found that cilostazol elevated TEER to 127 % (106 ± 16 X 9 cm 2 , n = 8) of the control (84 ± 14 X 9 cm 2 , n = 8) (Fig. 7) . The barrier integrity of RBEC in the kit was damaged by 6-h OGD and 3-h reoxygenation, as deduced from the finding that TEER was decreased to 50 % of the OGD/reoxygenation control level (hypoxia control: 39 ± 7 X 9 cm 2 , n = 7). Treatment with 1 lM cilostazol during the period of 3-h reoxygenation after 6-h OGD led to a significant recovery of TEER up to 66 ± 9 X 9 cm 2 (n = 7, P \ 0.05 vs. the 6-h OGD/3-h reoxygenation control). Thus, cilostazol reduced OGD and reoxygenation-induced impairment in barrier integrity of RBEC in the BBB Kit TM . In addition to TJ function, we further investigated the effect of cilostazol on the efflux pump, another important element of the BBB. The immortalized human brain endothelial cell line hCMEC/D3 was used as a model of human BBB cells with the functional expression of human type of P-glycoprotein (Tai et al. 2009; Carl et al. 2010; Chan et al. 2011) . Taking the high-lipophilicity of cilostazol into account, we examined whether cilostazol directly binds to P-glycoprotein as a P-glycoprotein transporter substrate such as cyclosporin A (Fig. 8) . P-Glycoprotein transporter function was assessed by the method of rhodamine 123 accumulation, a ligand of P-glycoprotein (Fontaine et al. 1996) . Cyclosporin A, an inhibitory substrate of P-glycoprotein used as a reference standard (Baltes et al. 2007 ), induced accumulation of rhodamine 123 in hCMEC/D3 cells when given simultaneously with the dye at a concentration of 10 lM for 1 h, whereas cilostazol (10 lM) did not affect the cellular content of rhodamine 123 (Fig. 8) , indicating that this lipophilic drug is not a P-glycoprotein substrate capable of binding directly to the protein.
As shown in Fig. 9 , we found that cilostazol worked on hCMEC/D3 cells to increase P-glycoprotein transporter ). All data are presented as mean ± SEM (n = 7). b Na-F permeability was significantly reduced in RBEC treated with 1 lM cilostazol for 96 h (dark gray column, **P \ 0.01 vs. control). H-89 completely blocked cilostazol-induced reduction in Na-F permeability when given to the cells at a concentration of 5 lM simultaneously with cilostazol (black column, function. One-hour accumulation of rhodamine 123 was significantly reduced in hCMEC/D3 cells treated with 1 lM cilostazol at both 24 and 96 h, prior to rhodamine 123 assay (Fig. 9a) . No changes were observed in the cells treated for 6 and 12 h. The P-glycoprotein transporter function of hCMEC/D3 cells was strengthened when these cells were treated with cilostazol at a concentration of 1 lM for 24 and 96 h. Cilostazol-induced enhancement of P-glycoprotein function depended on the duration of treatment with cilostazol. Also, we examined the dosedependent effect of cilostazol on P-glycoprotein transporter function (Fig. 9b) . When the cells were treated with increasing concentrations ranging from 0.01 to 10 lM for 24 h, cilostazol acted on P-glycoprotein transporter function in hCMEC/D3 cells dose-dependently. Thus, a cilostazol-induced increase of P-glycoprotein transporter function was evident in hCMEC/D3 cells.
As shown in Fig. 10 , H-89 completely blocked cilostazol-induced reduction in rhodamine 123 accumulation in hCMEC/D3 cells, when cells were treated with 1 lM cilostazol in the presence of H-89 (5 lM) for 24 h. H-89 alone exerted no change on rhodamine 123 accumulation in hCMEC/D3 cells. From this, the effect of cilostazol on P-glycoprotein seems to depend on cAMP/PKA signaling.
Discussion
The BBB protects neurons against xenobiotic, neurotoxic, and vasculotoxic molecules in the blood as a main constituent of the NVU (Zlokovic 2011). As neurons survive in rats treated with cilostazol after brain damage from delayed neuronal death with transient forebrain ischemia (Lee et al. 2009 ) and chronic cerebral hypoperfusion (Watanabe et al. 2006 ), our present finding that cilostazol possibly acts on the BBB sheds light on the potential for development of BBB-protective drugs for neuroprotection across the pharmacological spectrum of PDE3B inhibition.
PDE Expression and cAMP Signaling in Vascular Endothelial Cells
Based on accumulated evidence, including the pharmacological spectrum of cilostazol on platelets, cardiocytes, and vascular myocytes as a PDE3A inhibitor, PDE3A, and PDE3B have been thought to be operative within cells implicated in peripheral cardiovascular function, fertility, and lipolysis (Lugnier 2006; Omori and Kotera 2007) . In fact, PDE3B was found to be abundantly expressed in human adipose tissue (Reinhardt et al. 1995) , rat white and ol 1 µM brown adipose tissue, and hepatocytes (Miki et al. 1996) . Netherton and Maurice (2005) found that both PDE3A and PDE3B are co-expressed in bovine aortic endothelial cells, while only PDE3A is found in human umbilical vein endothelial cells, a finding that indicates heterogeneous expression of the PDE3 subfamily of proteins in vascular endothelial cells. Among members of the PDE family, PDE4 has been found to be predominantly present in the peripheral endothelial cells of the vascular system (Lugnier 2006; Omori and Kotera 2007; Cheng et al. 2010) . In this study, selective expression of Pde3b mRNA and cilostazol-induced elevation in intracellular cAMP levels became evident in RBEC. Our data are on agreement with the finding of Schankin et al. (2010) that there is significant expression of PDE3B in immortalized human brain microvascular endothelial cells. Considering the findings of Sudo et al. (2000) that cilostazol inhibits recombinant human PDE3A, rat PDE3B, and rat PDE4 with IC50 values of 0.2, 0.38 and 88 lM, respectively, it would appear true that the increase in cAMP levels induced by 1 and 10 lM cilostazol seen in the current study is due to inhibition of PDE3B activity. Lorenowicz et al. (2008) found that activation of PKA and EPAC1, both downstream effectors of cAMP, protected barrier integrity in the peripheral vascular endothelial cells. They also demonstrated that cAMP/PKA and cAMP/EPAC1 signaling independently function on barrier integrity in human umbilical vein endothelial cells. Recently, Maurice (2011) introduced a new paradigm for compartmentalized cAMP signaling in vascular endothelial cells. A functional unit composed of a molecular unit of PDE3B-and PDE4D-tethered EPAC1 is proposed to work as one ''signalosome'' in an intracellular line of PI3 Kc-encoded signals to regulate angiogenesis functionally linked to integrin-dependent vascular endothelial cell adhesion and endothelial barrier tightness. In collaboration with cAMP/PKA signaling, PDE3B/EPAC1-and PDE4/ EPAC1-based cAMP-signalosomes contribute to increase the barrier stability of vascular endothelial cells. In peripheral human arterial endothelial cells (HAEC), PDE4D/EPAC1-based cAMP-signalosome preferentially stimulates barrier integrity to reduce HAEC permeability (Rampersad et al. 2010) , whereas PDE3B/EPAC1-based cAMP-signalosome works on integrin-related vascular endothelial adhesion and tubule formation during TM subjected to 6-h hypoxia and glucose deprivation (6-h OGD)/ 3-h reoxygenation, an in vitro model of transient cerebral ischemia and reperfusion. TJ function was assessed by transendothelial electrical resistance (TEER). TEER was significantly decreased in RBEC of the BBB Kit TM with 6-h OGD/3-h reoxygenation (dark gray column, **P \ 0.01 vs. normoxia control). When given to RBEC during the period of 3-h reoxygenation after 6-h OGD, cilostazol (1 lM) inhibited the 6-h OGD/3-h reoxygenation-induced decrease in TEER (black column, # P \ 0.01 vs. 6-h OGD/3-h reoxygenation control, ** P \ 0.01 vs. normoxia control). A significant increase in TEER was observed in RBEC treated with 1 lM cilostazol for 3 h in normoxia experiments (light gray column, ** P \ 0.01 vs. normoxia control). TEER values are expressed as a percent of the control value (open column, 100 % = 84 ± 14 X 9 cm 2 , n = 8). All data are presented as mean ± SEM (n = 8) angiogenesis (Wilson et al. 2011) . Lee et al. (2011) found that cilostazol stimulated integrin b1 expression, closely associated with endothelial cell adhesion in the vascular beds of mice brain, through activation of both PKA and EPAC1 signals. Although no data on the influence of cilostazol on the interaction between EPAC1 and PED3B were provided in this study, as we found evidence that cilostazol acts as a PDE3B inhibitor to induce barrier tightness in RBEC, the possibility that there is a different mechanism in PDE3B/EPAC1-and PDE4/EPAC1-based cAMP-signalosomes between peripheral and brain endothelial cells may have to be considered. Cilostazol acts directly on RBEC to increase intracellular cAMP in vitro as a PDE inhibitor, similarly to agonists for G-protein-coupled receptor which stimulate adenylyl cyclases responsible for production of cAMP. Accumulation of cAMP in RBEC is also increased by an autocrine peptide, adrenomedullin, constitutionally produced in brain endothelial cells ) and linked to G-protein-coupled receptor-mediated activation of adenylyl cyclases. As adrenomedullin stabilizes barrier characteristics through a TJ-strengthening effect (Kis et al. 2001; Chen et al. 2006) , studies to elucidate the pharmacological participation of cilostazol in adrenomedullinmediated autocrine regulation of the BBB would be of interest. 
Effect of Cilostazol on Barrier Function of Brain Endothelial Cells
Transendothelial electrical resistance and paracellular permeability are two fundamental parameters of the quality of the barrier made by brain capillary endothelial cells . We observed here that cilostazol worked on RBEC to elevate TEER and decrease permeability at clinically relevant doses of 0.01-10 lM (Kajinami et al. 2000) . Similar effects of cilostazol were observed in cultured human brain endothelial cells at a higher dose of 30 lM (Liu et al. 2012) . As this effect was inhibited by H-89, a PKA isomerase type II (PKA-RII) inhibitor, it seems likely that PKA-RII was preferentially chosen as a target molecule of cAMP elevated by an inhibition of PDE3B by cilostazol in a cAMP-signaling compartment of RBEC, among three downstream effectors of PKA, EPAC1, and cyclic nucleotide-gated channels. Recent progress on the compartmentalized cAMP/PKA signaling in vascular endothelial cells revealed that in pulmonary microvascular endothelial cells, PKA-RII activated by plasmalemmal cAMP distinctly produced in a cellular compartment of the plasma membrane signals enhanced barrier function through an organization of cell adhesion molecules and cytoskeletal F-actin networks. Conversely, cytosolic cAMP stimulates PKA-RI in a cytosol compartment to disrupt barrier integrity, a phenomenon related to endothelial microtubule dynamics (Sayner 2011; Feinstein et al. 2012) . As PKA-RII is anchored to A-kinase anchoring proteins bound to the plasma membrane (Zaccolo 2011; Di Benedetto et al. 2008) , it may be that there is an increase of cAMP in a compartment at the plasma membrane of RBEC treated with cilostazol, and that the plasmalemmal cAMP then acts on PKA-RII to strengthen barrier integrity. Transendothelial electrical resistance directly reflects the tightness of cell adhesion to basal membrane and cellto-cell contacts made by adherens junctions and TJs, and regulated by cell adhesion molecules and cytoskeletal F-actin networks (Taddei et al. 2008; Carman et al. 2011 ). In the case of brain capillary endothelial cells, the anatomical basis of the BBB, TJs are the main determinant of TEER (Abbott et al. 2010) . Analysis of immunostaining for claudin-5, occludin, and ZO-1, proteins functionally organizing TJs revealed that cilostazol improved the morphological pattern of occludin in cilostazol-treated RBEC. This histological improvement in occludin immunostaining may results from an increased amount of occluding in cilostazol-treated RBEC (Carman et al. 2011) , or changes in the proportion of de novo phosphorylated occludin in TJs (Nishitsuji et al. 2011; Yamamoto et al. 2008) . Taken together with the previous findings that claudin-5 expressed in TJs is thought to be closely related to the tightness of BBB integrity with a high TEER (Nitta et al. 2003; Furuse and Tsukita 2006; Koto et al. 2007; Tsukita et al. 2008) , the present observation of high TEER and an improvement in occludin organization in TJs of RBEC treated with cilostazol without changes in claudin-5 is noteworthy. However, Carman et al. (2011) recently reported that simultaneous activation of adenosine receptor A 1 and A 2A significantly reduced occludin expression and TEER in primary mouse brain endothelial cells, with minor effects on claudin-5 and ZO-1 expression in TJs. Furthermore, according to Yamamoto et al. (2008) , occludin is phosphorylated at T382 and S507 by the activation of RhoA/ Rho kinase, and phosphorylated occludin has been linked to the reduction in barrier tightness with a low TEER in immortalized mouse brain microvascular endothelial cells. As cAMP/PKA signaling inhibits RhoA/Rho kinase through its downstream effector Rac1, a Ras-related GTPase (Spindler et al. 2010; Beckers et al. 2010) , cAMPmediated PKA/Rac1 activation may decrease the proportion of phosphorylated occludin and increase barrier integrity with a high TEER in cilostazol-treated RBEC.
In contrast to occludin phosphorylation via activation of RhoA/Rho kinase, PKC-induced phosphorylation of occludin strengthens barrier integrity via TJs in MDCK epithelial cells and in primary mouse brain endothelial cells Nishitsuji et al. 2011) . Phosphorylation of occludin at tyrosine residues by c-Src can also reduces TJ function by preventing its binding to ZO-1 ). Thus, as various types of phosphorylated occludin seem to exert opposing effects on barrier integrity and TJ function, mechanisms by which phosphorylated occludin participates in barrier tightness and strong TJ function in cilostazol-treated RBEC remain to be elucidated.
Claudin-5 in TJs is phosphorylated in a cAMP/PKA signaling-dependent manner to increase TJ function and a tight barrier in primary porcine brain endothelial cells (Soma et al. 2004) . On the contrary, in immortalized mouse brain capillary endothelial cells, claudin-5 (T207) phosphorylated by RhoA/Rho kinase functions in TJs to reduce barrier tightness (Yamamoto et al. 2008) . Furthermore, oxidative stress induces tyrosine-phosphorylation of claudin-5 in TJs resulting in a low TEER in primary human brain microvascular endothelial cells (Haorah et al. 2007) . ZO-1 is also phosphorylated by Vibrio cholera-derived zonular occludin toxin, and phosphorylated ZO-1 disengages from occludin to open TJs in rat intestinal IEC6 cells (Goldblum et al. 2011) . Although this study revealed no significant changes in claudin-5 and ZO-1 immunostaining in cilostazol-treated RBEC, more data are needed concerning the presence of phosphorylated claudin-5 and ZO-1 in cilostazol-treated RBEC.
We extended the previous finding of Torii et al. (2007) , who showed that cilostazol strengthens barrier integrity in peripheral human umbilical vein endothelial cells (HUVEC), by studying F-actin distribution in RBEC. We found that cilostazol rearranged cytoskeletal F-actin networks with redistribution at the cell border. A similar observation was made in the case of human brain endothelial cells treated with a high dose of cilostazol (Liu et al. 2012 ) and of RBEC and HUVEC treated with adrenomedullin 2, an autocrine mediator of endothelial cell activation of cAMP/PKA and cAMP/EPAC1 signalings Aslam et al. 2012 ). Spindler and Waschke (2011) reported that cAMP/PKA and cAMP/EPAC1 signaling-mediated Rac1 activation by b-adrenergic stimulation influences rearrangement and linearized-bundle formation on cytoskeletal F-actin networks, and stabilization of adherens junctions in the cell border, to increase barrier tightness with a high TEER in human dermal microvascular endothelial cells. Noda et al. (2010) also found that Rap1, a small Ras-related GTPase selectively activated by cAMP/EPAC1 signaling, acted on the cell border of HUVEC to stabilize VE-cadherin in adherens junctions and rearrange F-actin bundle formation. Hence, pathways of cAMP/PKA and cAMP/EPAC1 signalings may independently function to regulate barrier integrity in endothelial cells. The present finding that cilostazolinduced barrier tightness was dependent on PKA supports the idea of an independent role of cAMP/PKA and cAMP/ EPAC1 signaling on endothelial barrier integrity.
Effect of Cilostazol on Barrier Function of RBEC Damaged by In Vitro OGD and Reoxygenation
Cilostazol was also tested on an experimental model of cerebral ischemia-related BBB damage with TJ dysfunction using BBB Kit TM , a co-culture model constructed from primary RBEC, primary rat pericytes, and primary rat astrocytes (Nakagawa et al. 2007 (Nakagawa et al. , 2009 . This model allows cross-talk between the cells and the pathological events at the level of the BBB can be analyzed in vitro. The chosen exposure time of 6 h for OGD and 3 h for reoxygenation can be considered as conditions representative of transient cerebral ischemia and reperfusion (Tixier et al. 2008) . We have succeeded in constructing an experimental model of cerebral ischemia-related BBB damage with TJ dysfunction with three types of primarily cultured BBB-related cells: RBEC, rat pericytes, and rat astrocytes (Nakagawa et al. 2007 (Nakagawa et al. , 2009 ). In this model, we chose an exposure time of 6 h in OGD and 3 h in reoxygenation as conditions representative of transient cerebral ischemia and reperfusion (Tixier et al. 2008) . Ceruti et al. (2011) and Al Ahmad et al. (2012) showed a distinctive role of the same BBB-related cells in an OGD-induced BBB damage. The triple co-culture BBB model exposed to OGD/reoxygenation was shown to be useful to evaluate the pharmacological efficacy of drugs in protecting the BBB from ischemic insult.
Of particular interest was the present observation that cilostazol-treated BBB Kit TM damaged by in vitro ischemic insult to recover barrier tightness, a finding supporting the new pharmacological spectrum of cilostazol for protecting the BBB from cerebral ischemia. This protective effect of cilostazol is in accordance with the previous findings that cilostazol improved cerebral infarction by reducing cytotoxic edema in rats (Lee et al. 2003; Ito et al. 2010; Wajima et al. 2011) . Cilostazol also reversed the reduction of claudin-5 expression and normalized the increase of MMP-9 activity to prevent tissue plasminogen activator (tPA)-associated hemorrhagic transformation induced by focal cerebral ischemia in mice treated with tPA (Ishiguro et al. 2010) . Cilostazol protected HUVEC against 6-h OGD and 0.5-h reoxygenation-induced damage by upregulation of VE-cadherin in a cAMP/PKA signaling-dependent manner (Ishiguro et al. 2011) . Little is known about the effect of cilostazol on BBB-related cells, especially in pathological conditions. The pharmacological effect of cilostazol on cross-talk between BBB-related cells in the NVU protecting the BBB against cerebral ischemia will be elucidated when more is known of the cellular changes in the respective cells of the BBB Kit TM in conditions modeling ischemia.
Effect of Cilostazol on Efflux Pump Activity
We used the immortalized human brain endothelial cell line hCMEC/D3 (Weksler et al. 2005) to evaluate the effect of cilostazol on P-glycoprotein transporter function (Tai et al. 2009; Carl et al. 2010; Chan et al. 2011 ). Poller et al. (2010 noted a diverse effect of TNF-a on P-glycoprotein activity and protein expression between hCMEC/D3 and rodent cells, a phenomenon based on species-difference. Cilostazol increased P-glycoprotein transporter activity in hCMEC/D3 cells at concentrations pertinent to the clinical serum levels of 1.35-2.71 lM (Kajinami et al. 2000) . This effect was blocked by PKA inhibitor H-89. We noticed that the effect on P-glycoprotein in hCMEC/D3 cells was dependent on the time-scale of cilostazol treatment. There was an increase of P-glycoprotein function in hCMEC/D3 cells treated with cilostazol for 24 and 96 h, but no effect was observed in cells treated for 6 and 12 h. These findings are in agreement with previous observations from our laboratory, that cAMP increases P-glycoprotein activity in GP8 rat brain endothelial cells as well as in primary rat brain endothelial cells (Perrière et al. 2007) . Hartz et al. (2004 Hartz et al. ( , 2006 found that P-glycoprotein in the rat brain capillary is possibly phosphorylated by PKC to decrease its transporter activity by short-term regulation. Possible participation of cilostazol in the phosphorylation of P-glycoprotein may not be excluded; however, the transporter activity modulated by PKC activation was in the order of minutes. Thus, taken together with the present finding that cilostazol is not a P-glycoprotein substrate, it may be true that the cilostazol-induced increase in P-glycoprotein function is due to long-term regulation such as transcriptional activation of the P-glycoprotein encoding gene MDR1 or acceleration of protein trafficking to the apical plasma membrane.
To respond to xenobiotics, stress and central nervous diseases, transcriptional factors such as pregnane-X receptor, nuclear factor (NF)-jB, activator protein-1 and constitutive androstane receptor are activated to increase P-glycoprotein expression in the BBB. Epileptic seizures increase efflux pump activity at the BBB by activation of NMDA receptor and NF-jB (Miller 2010; Potschka 2010) . There has been a report that cAMP response elements in the MDR1 gene and MDR1 expression can be modulated by the cAMP/PKA pathway and selective PKA inhibitors can downregulate P-glycoprotein expression in chemoresistant tumor cells (Rohlff and Glazer, 1995) . Ziemann et al. (2006) provided evidence that prostaglandin E2 (PGE2) EP receptor-mediated cAMP/PKA activation stimulates CREB or CREB-related proteins during Mdr1b gene expression in primary rat hepatocytes. Recently, in hCMEC/D3 cells, agonists of PGE2 receptors were found to induce MDR1 mRNA levels (Yousif et al. 2012) . Furthermore, adenosine receptor-mediated cAMP production became evident in hCMEC/D3 cells . Thus, we speculate that cilostazol increases the level of functional P-glycoprotein protein in hCMEC/D3 cells through cAMP elevating signalrelated MDR1 gene expression.
Alternatively, cilostazol may accelerate translocation and internalization of P-glycoprotein from the cellular cytoplasm to the apical plasma membrane in hCMEC/D3 cells. In human HepG2 cells, there is evidence that cAMP/ PKA signaling stimulates the trafficking of P-glycoprotein on a time scale of 1 day (Wojtal et al. 2006) . Modification of PDE3B inhibition for P-glycoprotein turnover in brain endothelial cells remains to be investigated. Lim et al. (2008) found that in hCMEC/D3 cells GSK-3b inhibitors and a Wnt agonist up-regulated b-catenin signaling to increase cellular P-glycoprotein. cAMP/PKA signaling depressed the activity of AMP-activated protein kinase (Djouder et al. 2010 ), a kinase phosphorylating GSK-3b, to reduce cellular levels of b-catenin Hien et al. 2010) , and activated Rac1 to increase nuclear accumulation of b-catenin (Wu et al. 2008) . We suppose that cilostazol intervened in Wnt/b-catenin signaling to induce the transcriptional activation of the P-glycoprotein encoding gene MDR1, although the protein level was not quantified in hCMEC/D3 cells treated with cilostazol in this study. Thus, taken in conjunction with our own data, the possibility that cilostazol exerts a pharmacological effect on the both TJs and P-glycoprotein in the BBB would have to be considered.
In summary, we report what seems to be the first evidence that cilostazol, a selective inhibitor of PDE3, acts directly on brain endothelial cells, improves the function of TJs and P-glycoprotein of the BBB, and protects from OGD and reoxygenation-induced BBB damage, presumably in an intracellular cAMP/PKA signaling-dependent manner. Taken together with the recently reported clinical significance of cilostazol for the prevention of secondary cerebral stroke after ischemic stroke (Shinohara et al. 2010) , therapeutic approaches with cilostazol to treat dementia diseases with ischemia-related neuronal death would appear to have merit. Our present results on cilostazol will pave the way for the development of BBBprotective drugs across the pharmacological spectrum of PDE3B.
